Abstract-AC losses in poloidal coils of the Large Helical Device (LHD) have been measured during single-pulse operations. The superconductors of the coils are Nb-Ti cable-in-conduit conductors (CICC) cooled by supercritical helium. The enthalpy increase due to the losses was observed at the inlet and outlet of the helium coolant. Time constants of the coupling losses can be estimated using analytical expressions with a circuit model and by considering the magnetic field distribution in the coil. The estimated time constants are 80 and 200 ms for two of the poloidal coils. We found a clear difference in the time constants, even though the two coils were fabricated with exactly the same design.
I. INTRODUCTION
T HE Large Helical Device (LHD) is a superconducting experimental fusion apparatus [1] . The magnetic system consists of two types of superconducting coils, pool-cooled helical coils and forced-flow-cooled poloidal coils. For the poloidal coils, a cable-in-conduit conductor (CICC) is used. The CICC has a five-stage cable with 486 strands and a stainless-steel jacket called a conduit. A forced-flow of supercritical helium at 4.4-4.7 K circulates inside the conduit as a coolant. The poloidal coils have maintained stable operations for twelve years (thirteen experimental campaigns).
The LHD poloidal coils were designed to possess enough stability to achieve flexible operation for plasma experiments. To this end, the strand surface is bare copper without any treatment, such as a coating of resistive material. Previous research has confirmed that CICCs with bare strands have superior DC performance [2] . We have measured the AC loss of the first fabricated coil (IV-L coil) by a single excitation test [3] . The results from several emergency shutoff tests showed a coupling time constant of 150 ms. Additional losses with long time constants were also observed during slow current charge. After installing the coils in the LHD, the loss was continuously measured during the LHD operation [4] . The measurements show a variation in the coupling time constants among the coils. From this, we concluded that the coupling loss in the CICC was mainly produced by inter-strand coupling currents and that the current loops have a wide range of coupling time constants. However, we could not measure an intrinsic time constant for a relatively fast charge because the output voltage of the power supplies limits the sweep rate of the current. Even though the current decay of the earlier emergency shutoff tests was fast, coupling currents with a wide range of time constants were induced because the field changed monotonically [5] . A periodic field variation or a single pulse is the best excitation waveform to reduce the effect of a coupling current with a long time constant.
In 2008, additional pulse power supplies were installed to enhance the output voltages of the power supplies for the poloidal coils in an effort to control the magnetic field structure more rapidly during plasma experiments [6] . The voltage was increased from 33 to 213 V D.C. The maximum rate of field change increased to 0.06 T/s in the innermost conductor, which corresponds to a six-fold increase over previous operations. This enhancement enables AC loss measurements to be made during more rapid pulse operations. Here, we present measurements of the coupling time constants with the new power supplies.
II. MEASURING PROCEDURE
The poloidal coil system consists of three pairs of circular solenoids, named the inner vertical (IV), inner shaping (IS) and outer vertical (OV) coils. To distinguish the lower and upper coils, the characters '-L' and '-U' are added to the abbreviations. In this study, we measured the AC losses in the upper and lower IV coils (IV-U and IV-L), which were fabricated with exactly the same design. The average diameter of the coils is 3.6 m. The specifications of the conductors are listed in Table I . A fivestage cable with 486 Nb-Ti/Cu composite wires is covered with a rectangular conduit made of stainless steel. The bare strands are applied as previously mentioned.
The two coils were connected to a power supply in series and were simultaneously excited with a single trapezoidal pulse. The trapezoidal waveform had the same upward and downward ramp times, , and a flat top of 10 s, . The ramp times were varied from 9 to 45 s for a maximum current of 2 kA and from 18 to 100 s for a maximum current of 4 kA.
The heat loss consists of two components. One is steady-state heat leak by conduction and radiation. The other is AC loss. The effect of the joints can be ignored because the resistance of a joint is approximately 0.2 nano-Ohm, which corresponds to a total heat generation of 0.02 W at 4 kA [7] . The loss can be measured by monitoring the enthalpy increase of the helium coolant between the inlet and outlet [4] . The loss is always transferred to the coolant and the enthalpy of the coolant then increases. The coolant is always driven out from the outlet. Therefore, the heat loss can be obtained by where is the mass flow rate and is the enthalpy increase. Fig. 1 shows an example of time evolution of the temperature and the heat loss for the IV-L coil. After a single pulse operation, an increase of was observed for about 1500 s. At that time, the inlet temperature and pressure were almost completely constant during the experiments. The only clear change in temperatures was an increase in the outlet temperature, as shown in Fig. 1(a) . The offset of 16 W corresponds to a heat leak by conduction and radiation, . Consequently, the integration of gives the total AC loss. Fig. 2 shows the measured loss per pulse operation cycle as a function of the inverse of the ramp time, . The maximum current is fixed at 2 and 4 kA. The hysteresis loss, which is independent of the sweep rate, can be estimated by extrapolating the slope of the data to by linear fitting. The coupling loss can be extracted by subtracting the extrapolated loss from the measured total loss. To compare the coupling loss for various waveforms, the normalized loss is defined by the following equation [5] : (1) where is the coupling loss per pulse, is the permeability, is the maximum field and is the volume of the strands. is a dimensionless factor depending on the geometrical shape of the conductor cross section. For a rectangular conductor, depends on the aspect ratio and the magnetic field direction [8] . Thus, and depend on the position of each turn.
III. RESULTS AND DISCUSSION
varies from 1.8 to 3.7 with an average value of 2.7. We then integrate of each turn to evaluate . Fig. 3 shows the normalized coupling loss as a function of . The results confirm that the data are well normalized with respect to the maximum current. The coupling time constant, , can be estimated by fitting a theoretical equation to the data. According to the theoretical expression for a circuit model, for trapezoidal waveforms can be given by (2) where and [5] . In the case of , this expression can be simplified to (3) We obtained the time constant by fitting (3) to the data. The solid lines in Fig. 3 are fitted curves for each coil. The results give time constants of 80 and 200 ms for the IV-L and IV-U coils, respectively. A 2.5-fold difference was found even though the two coils were fabricated with exactly the same design. This means that the manufacturing process has an effect on the coupling loss. Quality test data, including the void fraction in the cable space and the twist pitch of the strands, cannot explain the difference in the coupling losses. Because the strand surface is bare copper, the difference in the oxidation condition at the strand surface probably affects the inter-strand contact resistance and the coupling loss. Another possibility is the difference in excitation history. The two coils were excited simultaneously in the LHD. The maximum operating current was 15.6 kA. However, only the IV-L coil was excited up to 20.8 kA before being installed in the LHD [7] . This difference in the maximum operating current might affect the coupling loss. Sliding of the strands due to electromagnetic forces can cause breaking of low resistive contacts between the strands [9] . This results in a decrease in loss. Table II shows the interannual changes in the coupling time constants of the IV-L coil. The coil has been excited more than 1200 times. Previous measurements were performed using exponential dumps instead of a single pulse. The data obtained from the two kinds of waveforms cannot be compared directly because the time constants during an exponential dump include the effect of a wide range of time constants. The assumption of a distribution of coupling time constants from the order of 10 to 1000 s as described in [4] provides the possibility that 40% of the loss during the exponential dumps might be caused by coupling currents with long time constants. Considering this effect, it is reasonable to conclude that the long-term observations show no significant change in coupling loss. A recent paper presented that the coupling time constants of the ITER poloidal field conductor insert (PFCI) tended to increase with increasing excitation number [10] . The maximum load applied to the cable at the innermost layer of the IV coils is approximately 100 kN/m, which is much less than that of the PFCI. Therefore the decrease of the inter-strand contact resistance due to the cyclic load, such as polishing effects [9] , was probably not induced in the case of the IV coil.
A comparison between the LHD and PFCI conductors suggests that the coupling time constant of a CICC with bare Nb-Ti strands is about ten times as large as that with a Ni-coating. However, the LHD poloidal coils can safely operate in extended plasma experiments with the new power supplies because the rate of field change is relatively small compared with that in other fusion devices.
IV. CONCLUSION
Coupling time constants were measured for the two LHD poloidal coils. We found a 2.5-fold difference in the constants even though the two coils were fabricated with exactly the same design. In the case of the LHD poloidal coils, an unexpected difference in the surface conditions on the strands, such as oxidation condition, probably produces this difference in the coupling loss. The results suggest that coupling loss is sensitive to not only the design conditions but also the manufacturing process or the history of excitations, especially when the strands have an untreated copper surface. Long-term observations show no significant change in the coupling loss. We plan to continue to measure AC losses systematically. When a coil can be designed with a coupling time constant of several hundred milliseconds, a CICC with bare Nb-Ti strands becomes a strong candidate from the viewpoint of conductor stability.
